ABSTRACT The aim of the present study was to assess whether endogenous and newly synthesized glutamate can be released from differentiating cultured cerebellar granule cells in a way compatible with a neurotransmitter role. Granule cells from 8-day-old rat cerebella were grown in basal Eagle's medium with 10% fetal calfserum for 2-12 days in vtitro (DIV), then washed with Krebs-Ringer medium, and labeled for 45 min with tracer amounts of radioactive glutamine. Subsequently, the release of endogenous glutamate and ofnewly formed radioactive glutamate was measured in basal conditions and upon depolarization with elevated K+ concentration or veratridine. At 2 DIV, the release of endogenous and newly synthesized glutamate evoked by high K+ concentration was small and Ca 2 independent, but it progressively and steadily increased (up to 8-to 10-fold) and became Ca2" dependent (up to 80-85%) at later stages (4, 8, and 12 DIV).
Ca2" dependent (up to 80-85%) at later stages (4, 8 , and 12 DIV).
Veratridine was almost ineffective with cells at 2 DIV but greatly increased glutamate release (endogenous and neosynthesized) at 8 DIV, and its action was totally antagonized by tetrodotoxin. The level and synthesis of glutamate remained fairly constant in cells from 2 to 12 DIV. y-Aminobutyric acid synthesis from radioactive glutamine was about 3% of that ofglutamate, and y-aminobutyric acid release (endogenous and neosynthesized) was not measurable. Aspartate synthesis was about 10% of that of glutamate, and the high K+ concentration-evoked release of this amino acid was modest and scarcely affected by Ca2". Neither high K+ concentration nor veratridine was able to induce glutamate release from confluent cerebellar astrocyte cultures at 14 DIV, although the level and synthesis of the amino acid were comparable to those in granule cells. In conclusion, the data show that a stimulus-coupled release of endogenous and neosynthesized glutamate is progressively expressed by cerebellar granule cells differentiating in culture, and this strongly supports the concept that glutamate is the neurotransmitter of these cells.
It is known that the excitatory information reaching the cerebellum through the mossy fibers is conveyed to the inhibitory neurons of the cerebellar cortex (mainly to the Purkinje cells) by excitatory interneurones-the granule cells (1) , which represent the most abundant neuronal population of the cerebellar cortex. Although glutamic acid has been proposed as the excitatory transmitter of granule cells (2) (3) (4) (5) (6) (7) , largely on the basis of indirect neurochemical evidence, definitive proof substantiating this hypothesis is still lacking, and some data ofthe literature even appear to be in contrast with it. For example, the high affinity uptake and the concentration of glutamate were not found to be significantly decreased in cerebella severely depleted of granule cells (refs. 5 and 8; however, see refs. 2-7), as one would expect if a substantial glutamate pool were associated with these cells. Moreover, autoradiographic studies on cerebellar slices preincubated in the presence of low concentrations of tritiated acidic amino acids showed little accumulation of label over the granule cell pericarya (9, 10) . Although in previous studies we and others have demonstrated that the characteristics of glutamate depolarization-induced release from cerebellar slices (9, (11) (12) (13) and synaptosomal preparations (5, 9, 14) are consistent with the proposed neurotransmitter role of this amino acid in the cerebellum, the exact origin of the amino acid released could be inferred only on the grounds of indirect evidence (5, 9) because both slices and synaptosomes are heterogeneous preparations and contain several structures that potentially could be responsible for glutamate release.
In order to obtain more conclusive evidence that glutamate is the excitatory transmitter of granule cells, it seemed crucial to determine whether indeed the amino acid is specifically released from these cells by depolarizing stimuli. The availability of primary cultures enriched in cerebellar interneurones has now permitted such experiments. In fact, in appropriate experimental conditions, granule cells represent by far the large majority ofthe cells present in the cultures and undergo a rapid biochemical and morphological differentiation (15) (16) (17) (18) (19) (20) (21) .
In the present report, we will show that (i) during differentiation in culture, granule cells progressively acquire the property of releasing endogenous and newly synthesized glutamate upon depolarization, and (ii) the characteristics of the depolarization-evoked release of the amino acid are consistent with its proposed neurotransmitter role.
MATERIALS AND METHODS Cells were dissociated from pooled 8-day-old Wistar rat cerebella (22) , plated (2.5-2.8 X 106 cells per 35-mm dish) on Falcon dishes coated with poly(L-lysine) (5 tug/ml), and grown in basal modified Eagle's medium containing 10% heat-inactivated fetal calf serum, gentamycin (100 tug/ml), and 25 mM KC1. The culture dishes were incubated at 370C in humidified 95% air/5% CO2. hr, 10 puM cytosine arabinoside was added to the culture medium to prevent the replication ofnonneuronal cells (23) . The culture medium was renewed at days 2, 5, and 8 of culture. For astrocyte cultures, the same procedure was adopted except that the medium was not supplemented with 25 mM KC1 and cytosine arabinoside and was renewed only at day 7. graphically checked) L- [3,4-3H] glutamine (34 Ci/mmol; New England Nuclear) were added to the culture dishes, and the incubation was continued for 45 min. Then the dishes were transferred to a rotating warm plate (370C) and washed three times with 2 ml of amino acid-free medium for a period of 10 min. Finally, medium (1 ml) was added to the dishes and was renewed every 5 min for a period of 30 min. The medium that was removed from the dishes during this period was collected into cooled vials containing 10 ,ul of concentrated HCL. Depolarizing media (containing either a high concentration of KC1, replacing an equimolar amount of NaCl, or the alkaloid veratridine) were applied at the third or fourth medium change. Calcium-free or tetrodotoxin-containing media were applied starting from the second medium change. In a set of experiments with cultures at 12 DIV, the cells were labeled with 2 uCi of chromatographically pure L-[U-'4C] glutamine per ml (specific activity, 40 mCi/mmol; New England Nuclear (24) . The same technique was used to assess the purity of the radioactive glutamine.
RESULTS Fig. 1 shows typical fields of cerebellar interneuron cultures, at the stages (2, 4, 8, and 12 DIV) which were selected for the biochemical studies reported below. The contamination of the cultures by nonneuronal cells, mainly astrocytes and fibroblasts, is below 5% when the antimitotic cytosine arabinoside is used to stop the growth ofthese cells (21) . In previous studies, values of 7-15% have been reported (19, (25) (26) (27) . Granule cells represent >80% of the neurons present, whereas inhibitory interneurones have been shown to account for 7-16% of the entire neuronal population (19, 20, (26) (27) (28) . Fig. 1 shows that granule cells at 2 DIV already emit processes. At 4 DIV a tendency to aggregation is clearly apparent, and a fine net of axon fibers is present. At 8 DIV most ofthe cells are grouped in large clumps, mainly connected by bundles of fasciculated fibers. The morphological picture at the light microscopic level did not change significantly at 12 DIV, except that, in general, the isolated cells and the finer and more tortuous fibers became even rarer at this stage. At the electron microscopic level, a progressive formation of synapses, mainly axo-axonic, has been noted (ref. 18 ; P. Woodhams and R. Balazs, personal communication).
The morphological differentiation ofthe cells is accompanied by a remarkable biochemical differentiation, as shown by studies on the development of voltage-dependent Na+ channels (20) , neurotransmitter receptors (19) , D2 protein (19) , and surface sialoglycoproteins (21) .
The (10 , uCi/ml) and then subjected to 5-min washes. A depolarizing medium containing 100 mM KCl was applied at the third wash. Half of the culture dishes were treated with Ca2+-free media starting from the second wash. In these cases, also the medium containing 100 mM KCl was Ca2+-free. steady fashion when Ca2+ was present in the medium; in Ca2+-free conditions, the increase was small, and the ratio between K+-evoked and spontaneous release remained constant throughout the culturing period examined. Thus, the data of Fig. 2 (30, 31) . Therefore, in order to obtain a more complete picture ofthe effect ofdepolarization on glutamate release in differentiating granule cells, it seemed necessary to determine the effect of veratridine at a stage at which the cells are scarcely differentiated and at a stage of advanced differentiation. Fig. 3 shows that the alkaloid caused only a slight increase in the rate of glutamate release in cells cultured for 2 DIV, whereas at 8 DIV the release of both the endogenous and the newly synthesized amino acid was greatly potentiated, and the effect of the drug was totally blocked by tetrodotoxin.
In two of the experiments with cells cultured for 8 The amount ofradioactive aspartate synthesized from glutamine was =1/10 of the amount of radioactive glutamate synthesized in the same experiments. Because previous autoradiographic studies have shown a preferential accumulation of radioactive acidic amino acids into glial cells with respect to granule cells (9, 10, 32) , it seemed important to rule out the possibility that the endogenous glutamate and the neosynthesized glutamate released by depolarization from interneuron cultures were derived from the glial cells contaminating the preparation. (9, 24, 37) and are progressively acquired, along with neuronal maturation and differentiation.
judging from autoradiographic studies on cerebellar slices and cell cultures, the uptake of radioactive glutamate or of its analog D-aspartate into granule cell bodies is low, both in absolute terms and relative to glial uptake (9, 10, 32) . On the other hand, radioactive glutamine is accumulated into cultured granule cells (32, 29, 38) , and the glutamate synthesizing enzyme, glutaminase, was shown to have higher activity in cultured granule cells than in cultured astrocytes (39) . For these reasons and also because the depolarization-induced release of endogenous (but not of exogenous) radioactive glutamate or D-aspartate was shown to be Ca2" dependent in cerebellar synaptosomal preparations (5, 9) , in the present investigation we analyzed the release ofendogenous glutamate and that ofradioactive glutamate synthesized by the cells from the immediate precursor glutamine (40, 41) .t
Our data indicate that cultured granule cells progressively acquire the property of releasing glutamate (endogenous and neosynthesized) in a Ca2"-dependent way. In fact, release ofthe amino acid evoked by high K+ concentration was small and scarcely (if at all) affected by extracellular Ca2" at 2 DIV, but it steadily increased and became Ca2' dependent (up to 80-85%) at later stages (4, 8, and 12 DIV; see Fig. 2 ). It is interesting that, although the glutamate releasable pool showed this dramatic increase, the overall intracellular concentration of glutamate and the amount of [3H]glutamate synthesized from [3H]glutamine remained fairly constant throughout the culture period examined, suggesting that either the intracellular compartmentation of the amino acid or some property of the neuronal membrane related to the influx ofCa + (e.g., the voltagedependent Ca2+ channels) underwent major developmental changes. It seems reasonable to suggest that both these factors are involved and that they are both related to the progressive formation of synapses.
A similar-reasoning probably applies also to the release of glutamate that can be induced by veratridine (Fig. 2) . The huge increase ofglutamate-evoked release observed in cells at 8 DIV compared to 2 DIV must be largely related to the development of voltage-dependent Na' channels, whose number has been shown to undergo a massive increase in cerebellar interneurones differentiating in culture (20) .
In the experimental conditions adopted (prelabeling of the cells with tracer amounts of [3H]glutamine), the neosynthesized [3H]glutamate did not appear to be released preferentially, with respect to endogenous glutamate, suggesting that the radioactive amino acid was homogeneously distributed within the endogenous glutamate pool. The fact that with other preparations (slices and synaptosomes) a preferential release ofnewly formed glutamate could be detected (9, 40, 41) may be due to the different experimental conditions [high concentration ofglutamine (40, 41) and continuous labeling during the release period (41) ] and also to the greater heterogeneity of slices and synaptosomes, as compared to the cell cultures used in the present study.
The possibility that the large release of glutamate induced by depolarization ofthe interneuron cultures should be ascribed to cells other than the granule cells (e.g., the inhibitory interneurones or the astrocytes contaminating the preparation) seems remote. Inhibitory interneurones selectively accumulate exogenous [3H]GABA (16, 25, 27, 28) and release it upon depolarization in a Ca2+-dependent manner (27) . The release of endogenous GABA from these neurones was below detectability in our assay conditions, and it is unlikely that more substantial amounts of glutamate could be released from them. As to the glial cells, the data of (9, 29) ; moreover, the data are consistent with the observation that no voltage-dependent Na' channels can be detected in cerebellar astrocyte cultures (20) . The fact that the concentration of glutamate in astrocyte cultures was similar to that ofinterneuron cultures (Table 1 ) and the fact that exogenous glutamate is taken up more by glia than by granule cells (9, 10, 16, 18, 28, 32, 38, 42) may explain why glutamate concentration and uptake are not consistently decreased in granule cell-depleted cerebella (see refs. 5 and 8).
On the other hand, the observation that the Ca2+-dependent release of endogenous glutamate was severely diminished in xirradiated cerebella (5) is fully consistent with our present data on the specificity of glutamate release from granule cells.
The data of the present paper [see also our preliminary communication (43) ] indicate that glutamate (endogenous and neosynthesized) is selectively released from cultured cerebellar granule cells subject to depolarizing stimuli, with features that are characteristic of stimulus-coupled neurosecretory processes (Ca2" dependence and sensivitity to veratridine and tetrodotoxin). These features appear to develop gradually and concomitantly with the morphological differentiation of the cultured cells. Our observations strongly support the concept that glutamate is the neurotransmitter of cerebellar granule cells.
